Underwater flow sensing is important for many robotics and military applications, including underwater robots and vessels. We report the development of micromachined, distributed flow sensors based on a biological inspiration, the fish lateral line sensors. Design and fabrication processes for realizing individual lateral line sensor nodes are discussed in this paper, along with preliminary characterization results.
Underwater flow sensing
The fish uses lateral line sensors to monitor surrounding flow fields for maneuvering and survival under water [1] . A lateral line system, shown in figure 1, consists of an array of distributed sensor nodes (the so-called neuromasts) that span the length of the fish body. Each sensor node, in turn, consists of a cluster of hair cells embedded in protective, gellike domes. An individual biological hair cell, a fundamental mechanoreceptor, consists of a vertical cilium attached to a neuron. If the cilium of the hair cell is bent by the local fluid flow, the neuron attached to the cilium stretches and produces action potentials. In certain fish species, the lateral line sensor nodes may be directly exposed at the surface of the skin. In others, the sensor nodes may be hidden in subdermal channels in order to minimize wear and damage.
Underwater vehicles and robots require reliable flow sensing methods.
Engineered flow sensors have been developed in the past based on a number of sensing principles, including thermal (hot-wire) anemometry [2] , Doppler frequency shift and indirect inference from pressure differences [3, 4] . Hot-wire anemometers use fine heating elements that double as temperature sensors. The local flow rate is inferred from the extent of forced convective heat transfer from the hot wire. The majority of existing hotwire anemometers are conventionally made using macroscopic 3 Present address: 313 Micro and Nanotechnology Laboratory, 208 North Wright Street, Urbana, IL 61801, USA. machining methods. Micromachined hot-wire anemometers have also been developed in recent years [5] [6] [7] [8] . Sensors based on Doppler frequency shifts consist of an acoustic launcher and a receiver. The overall size of the device is generally large. Existing flow sensors based on pressure distribution measurements also have large sizes and are generally not suitable for forming distributed arrays.
In the past two decades, several research groups have developed micromachined flow sensors that are based on a variety of sensing principles including the three principles mentioned above. Microfabrication offers the benefits of high spatial resolution, fast time response, integrated signal processing and potentially low costs. Microsensors [9] based on various principles (including thermal transfer [10] [11] [12] , torque transfer [13] [14] [15] [16] and pressure distribution [17] [18] [19] ) have been demonstrated. In addition to flow sensors, boundarylayer shear stress sensors have been realized using floating element methods [20] and thermal transfer principles [21] . However, shear stress sensors are located directly on the fluidsolid boundary and do not provide adequate information about mean stream flow velocity.
This work offers an alternative method for underwater flow sensing. The sensors can have small footprint and high integration density, if necessary. An array of sensors can be integrated monolithically. The sensor does not involve thin fragile wires as in hot-wire anemometry. A proposed systemlevel implementation of artificial lateral line sensors is shown in figure 2 . In this paper, we focus on the development of individual lateral line sensor nodes. The principle of sensing, the fabrication technique and test results are discussed in the following.
Principle of sensing
The schematic diagram of the artificial lateral line sensor is shown in figure 3 . Each sensor consists of an in-plane fixed-free cantilever with a vertical artificial cilium attached at the distal, free end. External flow parallel to the sensor substrate imparts upon the vertical cilium. Due to rigid connection between the in-plane cantilever and the vertical Figure 3 . Schematic diagram of a single artificial hair cell sensor consisting of a horizontal cantilever with a vertical cilium attached at the free end. We sense the bending of the vertical cilium using the strain sensor located at the base of the horizontal cantilever.
cilium, a mechanical bending moment is transferred to the horizontal cantilever beam, inducing strain at the base of the cantilever beam. The magnitude of the induced strain can be sensed by many means, for example, by using integrated piezoresistive sensors. The overall sensor system may use an array of individual sensory nodes with systematically varying positions, height of cilia and orientation. Such a distributed sensor array can provide information about flow structure evolution and increase the accuracy of flow field interpretation.
In this paper, we focus on the development and characterization of individual hair-cell-like sensors.
A comprehensive understanding of the relation between the output (relative change of resistance) and the mean flow velocity must take into consideration many possible flow conditions. For complex situations, it may be necessary to use the finite-element numerical method to estimate the sensor output precisely. A comprehensive treatment on the fluid mechanics aspect, which focuses on the discussion of new design and fabrication methods, is beyond the scope of this paper. Nonetheless, the relationship can be analytically expressed if the flow condition is simple and well defined [22] .
We denote the mean-stream flow rate as u 0 and the overall length of the cilium as h. The flow velocity is constant beyond the boundary layer thickness. The accepted formulae for estimating the boundary layer thickness (δ) are
for laminar flow (see page 428 of [22] ) or . In our designs the height of the cilium is typically less than 1 mm. Hence, for many sensing applications it is possible that the artificial cilium is entirely immersed within the boundary layer. However, complete immersion in a uniform flow field is not a necessary condition for the sensor to work properly. The velocity distribution within the boundary layer is a function of the vertical distance y. For example, a generally accepted relationship for low Re conditions (laminar boundary layer) is
If the cilium is entirely embedded within the viscous sublayer of a turbulent region (which extends up to y + = y √ τ w /ρ/ν = 10-15 units), the velocity is linearly proportional to y. The terms τ w , ρ and ν are the shear stress at the wall, the fluid density and the kinematic viscosity, respectively. To calculate the drag force we divide the vertical cilium into slices, each with height dy. We calculate the drag force based on the assumption that the flow velocity is parallel to the in-plane cantilever. The drag force acting on each slice is
where the term C D is the local drag coefficient, and w is the width of the vertical cilium in the direction facing the flow. There are empirical formulae for C D , which is dependent on Re based on the hydraulic diameter and local flow rate. The moment applied to the horizontal beam is obtained by performing finite integration through the length of the vertical cilium, yielding
The magnitude of induced strain at the base of the cantilever beam is approximated, under a small bending assumption, as
where E is the Young's modulus and I is the momentum of inertia of the in-plane cantilever. If the horizontal cantilever has a rectangular cross-section with width w l and thickness t, the expression for the moment of inertia is I = wlt 3 
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. The relative change of resistance is given by
where G is the lateral gauge factor of the doped piezoresistor. The magnitude of G is influenced by the orientation of the horizontal cantilever beam with respect to the silicon crystal lattice and by the doping level. By assuming that the velocity profile is given by equation (3), we obtain the following formula for the sensor output:
The term w is the width of the vertical cilium. Note that w and w l are not necessarily equal.
The most important conclusion at this stage is that, as a first-order approximation, the magnitude of the output signal is proportional to u 
Fabrication process
Flow sensors based on flow moment transfer have been reported in the past. The previously reported devices fall into two categories. The first type utilizes monolithic cantilever beams fabricated within the plane of the wafer by using bulk micromachining methods [13, 14] . Such a sensor is not applicable for large array formation, as each sensor must be discretely packaged. The second type utilizes a vertical, high-aspect-ratio cilium that is connected to micromachined force-sensing components [23, 24] . The overall yield and repeatability of the sensors are generally low because the fabrication process is not monolithic. In this study, we leverage a recently developed, efficient three-dimensional assembly process to realize the vertical cilium, a key component of the hair cell.
The PDMA three-dimensional assembly process
The vertical cilium is realized using a three-dimensional assembly technique called plastic deformation magnetic assembly (PDMA) [25] . The schematic of the process is shown in figure 4 . To illustrate the principle we use a simple configuration, which consists of a cantilever beam with a piece of electroplated magnetic material attached to it. The structure can be realized by using surface micromachining techniques with one layer of sacrificial material at the bottom. The cantilever beam is released by using sacrificial etching. Subsequently, an external magnetic field is applied from underneath the substrate. Under the applied magnetic field, the cantilever beam, together with the magnetic piece, may be bent out-of-plane. The magnetic field is applied globally underneath the wafer-many structures on a wafer are activated in parallel. The magnetic field can be provided by an electromagnetic field or a piece of permanent magnet. If the amount of bending is above a certain threshold, the cantilever will be plastically deformed, resulting in permanent displacement. The bent form is retained even after the magnetic field is removed.
The PDMA process offers a number of advantages. It requires simple, low-temperature process steps and therefore is compatible with many materials. The assembly of many vertical structures can be achieved simultaneously using a global magnetic field, hence increasing the efficiency. The footprint of the vertical structure is small since the vertical structure does not require external structures to maintain its upright position.
Hair cell fabrication process
The overall fabrication process of the artificial hair cell is discussed in the following and illustrated in figure 5 . The process begins with deposition of a silicon dioxide layer by thermal oxidation. The oxide layer is patterned and selectively removed to provide openings for forming piezoresistive sensors by the diffusion doping process. Boron pre-deposition is performed at 950
• C for 15 min. It is followed by oxidation drive-in at 1100
• C for 2 h, reaching an oxidation thickness of 500 nm. The targeted doping concentration is 1.3 × 10 −19 cm −3 and the sheet resistivity of the doped resistor is approximately 100 / . The gauge factor of such a doped piezoresistive sensor is a function of the doping concentration and the substrate orientation [26, 27] .
Structures that are pertinent to the PDMA process are then deposited and patterned. We deposit a layer of thin-film copper (300 nm thick) and pattern it photolithographically. A 600 nm thick gold thin film is deposited by using the lift-off technique. This ensures good step coverage over the boundary of the sacrificial material and minimizes stress concentration. The thickness of the subsequently electroplated Permalloy material is 10 µm. The wafer is etched from the backside using wet anisotropic etching or deep reactive ion etching until a silicon membrane with desired thickness is achieved. Both methods have been implemented successfully although the deep reactive ion etching is preferred because it allows easy control of the thickness of the diaphragm. The thickness of the silicon diaphragm corresponds to the thickness and the moment of inertia of the in-plane cantilever.
The wafer is then etched from the front side to define the cantilever beams. Following this step, the wafer is immersed in diluted HCl solutions to remove the copper sacrificial layer and to free the gold cantilever beam. We then perform the PDMA process by using a piece of permanent magnet that has a magnetic flux intensity of 1470 G. The wafer is slowly lowered on top of the magnet to permanently deform the metal cantilevers. The entire wafer is then air-dried. The SEM micrograph of a representative device is shown in figure 6 . The length, width and thickness of the in-plane cantilever are 1100 µm, 180 µm and 17 µm, respectively. The height (h), width (w) and thickness of the vertical cilium are 820 µm, 100 µm and 10 µm, respectively. Improvement has been made to the original PDMA process to increase the yield of assembly. The cross-sectional view of the bending region according to the original PDMA assembly method is shown in figure 7 . Two problems have been observed. First, the beam has been prone to breaking during the assembly process due to excessive stress concentration at the step caused by the edge of the sacrificial layer. Secondly, the exact location of bending is uncertain, being between points A and B. This affects the uniformity of the angle of assembled hair-cell cilia.
A structural modification has been proposed and validated ( figure 8 ). An extended patch made of 10 µm thick electroplated Permalloy is electroplated to overlap with the edge of the sacrificial layer. This produces two notable improvements. First, the exact location of bending is much more easily controlled. We confirmed that the bending occurs at point C. Secondly, bending will not involve the stepcoverage region and therefore the stress-induced fracture is removed.
The robustness of the sensor and compatibility with the underwater environment are important issues. Under laminar flow, the sensor could fail by the fracture of the horizontal beam or the vertical cilium, or the breaking of the joint. Under turbulent flow, the sensor could fail by excessive vibration. The sensors must also survive for sufficient time period in seawater.
A full experimental and analytical treatment of this subject is beyond the scope of this paper. However, we have conducted preliminary tasks to strengthen and insulate the sensors. We have demonstrated that it is possible to strengthen the plastically deformed joint of the vertical cilium by using localized electroless plating methods. First, strain gauges and wire leads are protected from shorting by an organic insulator such as the photoresist. A thin layer of electrolesslyplated gold is grown onto the exposed vertical cilium at 95
• C for 10 min with the growth rate being approximately 0.3 µm min −1 . The fabricated device can be further coated with 300 nm thick uniform Parylene deposition for providing electrical insulation and increasing strength (figure 9). The Parylene film also covers electrical bonding wires. This allows sensors to operate in conducting fluids without electrolysis or shorting. The deposited material, however, increases the stiffness of the cantilever beam ( figure 10 ). This is briefly discussed in the following. The effective force constant of a cantilever beam made of a homogeneous material with a Young's modulus E is approximated by
The terms w l and t are the width and thickness of the cantilever, respectively. As more Parylene is deposited, the value of k will increase due to increased overall thickness. In summary, the thickness of the Parylene coating must be optimized with respect to two competing concerns, electrochemical protection and sensitivity.
Results and discussion
The sensors are mounted on a thin glass plate, which is placed within a laminar flow water tunnel (figure 11). One edge of the glass is polished to present a sharp profile facing the flow. u 0 ranging from 0 to 1 m s −1 passes the sensor element. The flow impacts the cilium at its broad side, i.e., parallel to the long axis of the substrate cantilever. The sensor is biased under constant voltage (1 V) and the output current is monitored. The output response is shown in figure 12 . The best-fit curve follows a second-order polynomial expression, as expected from earlier analysis.
We are currently developing arrayed sensors to characterize the response of the sensors with respect to the orientation of the flow and to the height of the artificial cilium. It is believed that in order to increase the sensitivity, one can increase the height of the cilium or reduce the thickness of the in-plane cantilever. However, the vertical cilium should not be excessively tall as this may increase the chance of damage. For long cilia and higher flow rates, the interpretation of flow is more challenging as multiple flow regimes (laminar, transition or turbulent) may be applied through the length of the cilium. Understanding the exact nature and profile of local flow would require multiple-sensor clusters much like the biological sensors.
Conclusions
We have developed the design and fabrication process of an individual micromachined artificial lateral line sensor for flow sensing applications. The sensor is realized using combined bulk micromachining methods and an efficient threedimensional assembly method. Sensors can be strengthened using electroless plating and Parylene conformal coating. They can be realized monolithically using combined bulk micromachining and three-dimensional assembly methods.
